First-principles calculations are carried out to systematically investigate the structural and electronic properties of point defects in hydrogenated GaBi and InBi monolayers, including vacancies, antisites and Stone-Wales (SW) defects. Our results imply that the perfect H 2 -Ga(In)Bi is a semiconductor with a bandgap of 0.241 eV (0.265 eV) at the G point. The system turns into a metal by introducing a Ga(In) vacancy, substituting a Bi with a Ga(In) atom or substituting an In with a Bi atom. Other defect configurations can tune the bandgap value in the range from 0.09 eV to 0.3 eV. In particular, the exchange of neighboring Ga(In) and Bi increases the bandgap, meanwhile the spin splitting effect is preserved. All SW defects decrease the bandgap. The lowest formation energy of defects occurs when substituting a Ga(In) with a Bi atom and the values of SW defects vary from 0.98 eV to 1.77 eV.
Introduction
Topological insulators (TIs) have captured unprecedented scientic and technological interests in the past few years.
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Two-dimensional (2D) TIs, known as quantum spin Hall (QSH) insulators, provide small bandgap edge states with the protection of time-reversal symmetry, which ensures the propagation direction of electrons on the surface locked to their spin orientation. [6] [7] [8] However, due to the small bandgaps, group IV 2D materials such as graphene, 9 silicene and germanene, [10] [11] [12] operate impracticably at room temperature. Recently, potential QSH insulator materials with large bandgaps were found to be promising building blocks for novel coherent spin transport related devices.
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The binary compounds of group III elements and bismuth with buckled honeycomb structure have been studied and predicted to have large bandgaps due to the large spin-orbit coupling (SOC) effect of Bi atoms, which is desirable for roomtemperature spintronic applications. Among these 2D sheets, only GaBi, InBi and TlBi exhibit nontrivial topological characteristics. 16 However, imaginary frequency modes were observed in the phonon spectrum of their pristine structures. It has been found that low buckled structure and passivation including halogenation, hydrogenation and methyl-functionalization stabilize the structure and increase the bandgap. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Especially, the hydrogen bonds can also simulate the electronic structure with the effect of a substrate and efficiently identify the quantum spin Hall phase of these 2D materials. 17, 35, 36 Moreover, functionalized III-Bi monolayers can realize nontrivial topological states preferably compared with the pristine structures. 17, 22, 26 Generally, the electronic properties of materials are inu-enced by the defects which are mainly introduced during the growth process and considered as an adverse factor. But it is worth mentioning that sometimes defects can bring benecial effects which make the materials suitable for other applications. 27, 28 Typical point defects have been observed and investigated in graphene, silicene, hexagonal GeC, group III nitride monolayers, etc. [29] [30] [31] The imperfections make it possible to tailor the electronic properties, [32] [33] [34] for example, the bandgap which is crucial for spintronic applications. To the best of our knowledge, systematic investigations of imperfections in 2D group III bismide honeycombs have not been reported. In this paper, we explore the impacts of the possible point defects in H 2 -GaBi and H 2 -InBi monolayers on the structural and electronic properties. Nine defect congurations including vacancies, antisites and Stone-Wales (SW) defects are considered.
Computational methods and models
Based on density-functional theory (DFT) method, rst-principles calculations of geometry optimization and electronic properties are implemented in the Vienna ab initio simulation package (VASP). 37, 38 The projector augmented wave (PAW) pseudopotentials are chosen to describe the actual electron-ion potential and the exchange-correlation functions are set as the Perdew-Burke-Ernzerhof (PBE) form of the generalized gradient approximation (GGA).
convergence test, the maximum kinetic energy cut-off of the plane wave basis set is chosen as 400 eV. Using the QuasiNewton method, the optimization of atomic positions and lattice constants are carried out until the maximum HellmannFeynman force on each atom becomes less than 0.01 eV/Å. The energy convergence criterion of self-consistent calculations is set less than 10 À5 eV between two continuous steps. A vacuum layer of 20Å is built to avoid periodic interactions. Based on Monkhorst-Pack scheme, 43 the k-point samplings for Brillouin zone integration of 4 Â 4 and 6 Â 6 supercells are set 7 Â 7 Â 1 and 4 Â 4 Â 1, respectively. Besides, the SOC effect is included in all self-consistent electronic structure calculations.
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With regard to all the structures of group III bismide monolayers, the binding energy per atom is dened as
where E total is the total energy of optimized buckled honeycomb structure. E Bi , E Ga , E In and E H are energies of free bismuth, gallium, indium and hydrogen atoms, respectively. The l, m and n are numbers of corresponding atoms in the supercell. Besides binding energy, we calculate the formation energy to evaluate the ease of introducing the defects, which is dened as
where E P is the energy of perfect hydrogenated Ga(In)Bi monolayer without defects, m Sub and m Add are the chemical potentials of subtracted and added atoms to form these structures. The chemical potentials of Ga, In and Bi are obtained from the corresponding metals and the value of H is obtained from the hydrogen in the gas phase.
To investigate the impacts of defects in H 2 -Ga(In)Bi monolayers on the electronic structure, a series of point defects including vacancies, antisites and SW defects are modeled. To avoid the interaction between two isolated defects, a 4 Â 4 supercell is employed to simulate the vacancies and antisites while a 6 Â 6 supercell is used for the SW defects. The abbreviations of nine defects are presented as below:
(a) Vacancies: structure with one subtracted Bi(Ga, In) atom is labelled as V Bi(Ga,In) ; structure with one pair of subtracted Ga(In)-Bi atoms is labelled as V Ga(In)Bi .
(b) Antisites: structure with exchanged neighboring Ga(In) and Bi atom is labelled as Ga(In)4Bi; substituting a Ga(In) atom with a Bi atom and substituting a Bi atom with a Ga(In) atom are labelled as Bi Ga(In) and Ga(In) Bi , respectively.
(c) Stone-Wales: structure with an in-plane 90 rotation of one Ga(In)-Bi bond is labelled as SW-IP; structure with an outof-plane 90 rotation of one Ga(In)-Bi bond is labelled as SW-OP.
3 Results and discussion
Perfect hydrogenated honeycomb monolayer
We rst consider the perfect hydrogenated GaBi and InBi monolayers as demonstrated in Fig. 1(a) . The hydrogens cover the monolayer on both sides and its number is equal to the number of III, V atoms in the supercell. Aer full relaxation, both group III bismide monolayers remain typical buckled honeycomb structure. The optimized lattice constants of H 2 -GaBi, H 2 -InBi 4 Â 4 supercells are 4.580Å and 4.881Å, respectively. Electronic structures including SOC effects shown in Fig. 1(b) indicate that the perfect monolayers are TIs with large bandgaps opened at G point, whose values are 0.241 eV and 0.265 eV for GaBi and InBi, respectively. Our results are in satisfactory agreement with previous DFT calculations. 18 The valence band maximum (VBM) of these two systems locate slightly off the G point, resulted from the spin splitting. Moreover, the s-orbital electrons turn to occupy the valence band with the SOC effect. The band order gets inverted near the Fermi-level and the band near VBM is s-orbital dominated by 64%. 17, 20 Other structural and electronic parameters are listed in Table 1 .
Vacancy defects
The structures of hydrogenated GaBi monolayer with vacancies are demonstrated in Fig. 2 . Aer geometry optimization, the lattice constant of all structures have a slight reduction compared with the perfect H 2 -GaBi. By removing one bismuth atom in GaBi monolayer, the shi of atom position around defect can be easily observed. The V Bi defect introduces several vacancy states and shis the conduction band minimum (CBM) away from the G point, leading the system to be a nonmagnetic indirect semiconductor with a bandgap of 0.19 eV. Unlikely, by removing one gallium atom in the monolayer, the Fermi-level of V Ga system shis down about 0.56 eV and the system becomes metallic as illustrated in Fig. 2(b) . The partial density of states (PDOS) shows that the main contribution near the Fermi-level comes from p-orbital of bismuth atoms. In the case of V GaBi defect, one octagon and two pentagons are formed by subtracting a GaBi pair. The defect shis the CBM and the system occurs to be an indirect semiconductor with a bandgap of 0.15 eV. As listed in Table 2 , the formation energies of V Bi , V Ga and V GaBi systems are 1.91 eV, 0.47 eV and 1.47 eV respectively, indicating relatively low energy barrier between the perfect H 2 -GaBi monolayer and the vacancy of Ga atom. We also calculate the vacancies in H 2 -InBi monolayer and obtain a series of similar results from the data. Fig. 3 presents the structures of hydrogenated GaBi monolayer with antisite defects. Aer geometry optimization, The Ga Bi and Ga4Bi systems remain normally buckled honeycomb structure, while the bismuth cluster in Bi Ga system turns to be an inversely buckled honeycomb structure. The band structure indicates that, by substituting gallium atom with bismuth in Bi Ga antisite, no spin splitting appears at the valence band which makes the system to be a direct semiconductor with a bandgap of 0.2 eV. In Fig. 3(a) , the TDOS demonstrates that the states of conduction band rise smoothly as the energy increases, which is similar to the perfect H 2 -GaBi. The valence band is isolated from other bands below the Fermi-level, resulting from the bismuth cluster around the antisite defect. The PDOS of bismuth cluster reveals the fact that most states locate near the VBM. Similar to the V Ga system, the Fermi-level of Ga Bi shis down about 0.37 eV, leading the system to be metallic as shown in Fig. 3(b) , while the band order is similar to the perfect H 2 -GaBi near the Dirac cone. In the case of Ga4Bi defect in Fig. 3(c) , the bandgap increases to about 0.29 eV at G point, meanwhile the spin splitting effect is preserved. When substituting indium atom with bismuth atom, the defect leads the system to be metallic, which can be considered as the result of the structure. The atoms around antisite defect Bi In do not turn to the distinct inversely buckled honeycomb like the Bi Ga system, so that the bismuth atoms make a different change to the band structure near the Fermi-level, leading the valence band to shi up at high symmetry point K. The binding energy and formation energy results also indicate that Bi In system is more stable. Table 3 show that the lattice constants decrease when replacing big atom with small atom and vise versa. The lattice of Ga4Bi becomes smaller while the In4Bi becomes larger. The formation energies of Bi Ga , Ga Bi and Ga4Bi systems are 0.25 eV, 1.27 eV and 0.39 eV, respectively. It is expected easier to replace a gallium or indium atom with bismuth atom and exchange Table 3 The structural and electronic parameters of H 2 -Ga(In)Bi with vacancy defects; lattice constant (l); bond length (d) marked in the structure of Fig. 3 
Antisite defects
neighboring atoms, compared with subtracting a bismuth atom from the lattice. Together with vacancies, the results imply that V Ga(In) , Bi Ga(In) and Ga(In)4Bi may be the dominant defects during the fabrication of H 2 -Ga(In)Bi monolayer.
Stone-Wales defects
Besides vacancy and antisite defects, Stone-Wales defect is regarded as an important type of defect in 2D materials, [45] [46] [47] [48] such as graphene, germanium carbide and other similar honeycomb structures. The SW defect is formed by rotating a pair of two atoms by 90 degrees with respect to the midpoint of their bond, which does not require adding or subtracting atoms. The formation energy is usually around several electron volts which is fairly high. The rearrangement of the atoms is thought to introduce signicant inuences to the chemical, electrical, and mechanical properties. An in-plane 90 rotation of Ga-Bi bond involves two directions, the clockwise and anticlockwise, and leads to the same structure and lattice parameters aer optimization. Due to the buckled structure, the out-ofplane rotation forms two distinct SW defects by different rotation directions. Here, we build 6 Â 6 perfect H 2 -GaBi and H 2 -InBi supercells to simulate the isolated SW defect and relax the systems to reach stress equilibrium. The optimized structures are demonstrated in Fig. 4 . For SW-IP defect, the rotated Ga-Bi bond results in the breaking of original hexagons and the formation of pentagons and heptagons. Regarding the SW-OP defects, the top views of the OP1 and OP2 look similar to the H 2 -GaBi and Ga4Bi structure, respectively, but the positions of the gallium and bismuth atoms are different. The heights of the rotated Ga and Bi atoms exhibit a reversal meanwhile the formation of inversed buckling leads the hydrogenation to occur on the opposite side. The corresponding TDOS and PDOS of three systems with SW defects are demonstrated in Fig. 4 . The band structures infer that the shape of Dirac cone at G point maintains in three systems. The TDOS results state that the SW defects produce appreciable effect to the electronic structures. As listed in Table  4 , the bandgap at G point of H 2 -GaBi monolayer with SW-IP, SW-OP1 and SW-OP2 defects are 0.102 eV, 0.092 eV and 0.153 eV, respectively, indicating the downward trend of energy gap with the effect of SW defects. The formation energies of the three defects in H 2 -GaBi are 1.29 eV, 0.98 eV and 1.05 eV, respectively. The values fall within the similar range of vacancy and antisite defects, and lower than SW defects in other 2D materials such as GeC. 49, 50 The in-plane SW defect is shown arduous among the three congurations, suggesting the new pentagons and heptagons in GaBi are less stable than original hexagons.
Conclusions
In summary, we present a rst-principles study of the structural and electronic properties of nine point defects in hydrogenated GaBi and InBi monolayers. The results indicate the bandgap of monolayer can be tuned from 0 eV (metallic) to 0.3 eV by defect congurations. By removing one Ga(In) atom in the H 2 -Ga(In) Bi, the system turns to be metallic. The exchange of Ga(In) and Bi atoms, as one of antisite defects, enhances the bandgap meanwhile the spin splitting effect is preserved. In contrast, a decreasing bandgap is observed in monolayer by introducing SW defects. On the other hand, V Ga(In) , Bi Ga(In) and Ga(In)4Bi have lower formation energy because the energy required to subtract a Bi atom from system is larger than to subtract a Ga(In) or add a Bi atom. The formation energies of SW defects in hydrogenated GaBi and InBi monolayer are comparable with vacancies and antisites. Our study shows the point defects in H 2 -Ga(In)Bi monolayers provide an approach to deliberately tailor the electronic properties, and the data are expected useful for future experimental synthesis and device design.
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